Introduction
============

Nonalcoholic fatty liver disease (NAFLD), one of the most common hepatic conditions, is closely associated with obesity, type II diabetes and insulin resistance. NAFLD encompasses multiple pathological events, including steatosis, non-alcoholic steatohepatitis (NASH) and cirrhosis, in addition to end-stage liver disease ([@b1-mmr-17-06-7708],[@b2-mmr-17-06-7708]). In the past, NAFLD has been more common in Western countries, although the incidence of NAFLD has increased in the Asian-Pacific region in recent years ([@b3-mmr-17-06-7708]). Notably, the prevalence of NAFLD amongst younger populations is increasing. NAFLD poses a great threat to human health and society and is a important challenge in the liver disease field.

The development of NAFLD is the result of a combination of genetic, environmental and metabolic factors. At present, the most widely accepted theory of NAFLD pathogenesis is the two-hits theory, in which lipid accumulation in hepatocytes triggers a series of cytotoxic events that subsequently induce liver inflammation. Numerous pathological processes are induced, including insulin resistance, leptin deficiency, oxidative stress, fat accumulation and liver tissue inflammation ([@b4-mmr-17-06-7708]). Accumulating evidence from previous studies examining the genetic and metabolic factors of NAFLD pathogenesis have demonstrated that the abnormal expression or mutation of key genes leads to the development and progression of NAFLD. These genes include signal transducer and activator of transcription 3 (STAT3), Krueppel-like factor 6 (KLF6), peroxisome proliferator-activated receptors (PPARs) and methylenetetrahydrofolate reductase (MTHFR), in addition to various pro-inflammatory cytokines ([@b5-mmr-17-06-7708]). The interleukin (IL)-6 receptor subunit β-STAT3 signaling pathway is activated in NAFLD and may result in increased insulin resistance ([@b6-mmr-17-06-7708]). KLF6 may mediate glucose tolerance and insulin response in NAFLD. Furthermore, KLF6 mediates PPARα signaling induction ([@b7-mmr-17-06-7708],[@b8-mmr-17-06-7708]). Gene polymorphisms (C677T and A1298C) of MTHFR are reported to be closely associated with susceptibility to NAFLD ([@b9-mmr-17-06-7708],[@b10-mmr-17-06-7708]). However, the exact mechanisms remain unclear due to the complex pathogenesis of this disease. Therefore, it is crucial to understand the precise molecular mechanisms involved in the development and progression of NAFLD in order to develop and evaluate effective diagnostic or management strategies.

In the present study, two mRNA microarray datasets from the Gene Expression Omnibus (GEO) were downloaded and analyzed to identify differentially expressed genes (DEGs) among healthy control (HC), steatosis (SS) and NASH groups. Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment and protein-protein interaction (PPI) network analyses were performed to understand the potential molecular mechanisms of fat accumulation and inflammation in hepatic cells. A total of five hub genes were identified, which may be candidate diagnostic or therapeutic biomarkers for NAFLD.

Materials and methods
=====================

### Data analysis

The gene expression datasets GSE33814 and GSE89632 were downloaded from the GEO ([www.ncbi.nlm.nih.gov/geo](www.ncbi.nlm.nih.gov/geo)) ([@b11-mmr-17-06-7708]) database. Samples in the above datasets were divided into three groups: SS vs. HC, NASH vs. HC, and NASH vs. SS. Detailed parameters of the datasets are presented in [Table I](#tI-mmr-17-06-7708){ref-type="table"}.

Microarray data were submitted to the online database repository GEO2R ([www.ncbi.nlm.nih.gov/geo/geo2r](www.ncbi.nlm.nih.gov/geo/geo2r)) to identify DEGs among the groups. GEO2R is an interactional and accessible online tool that allows investigators to compare two or more datasets and obtain a list of DEGs in GEO series across different experimental conditions. GEO2R, as well as the GEO query and Limma packages in R, were used to analyze the original microarray data ([@b12-mmr-17-06-7708]). The distribution of the data was visualized using a box-and-whisker plot. A log fold change of \>0.3 and an adjusted P-value of \<0.05 was considered to indicate a statistically significant difference. Probe sets without corresponding gene symbols or genes with more than one probe set were removed or averaged, respectively. Subsequently, genes that matched the screening criteria in both datasets were overlapped in a Venn diagram in order to obtain the candidate DEGs.

### Functional enrichment analyses of the DEGs

The Database for Annotation, Visualization and Integrated Discovery (DAVID; version 6.8; [david.ncifcrf.gov](david.ncifcrf.gov)) is an online biological information database that integrates biological data and analysis tools. DAVID provides a comprehensive set of functional annotation information on genes and proteins for users to extract biological information ([@b13-mmr-17-06-7708]). To analyze the function of the DEGs, functional annotation and biological analyses were performed using DAVID. P\<0.05 was considered to indicate a statistically significant result.

### Construction of PPI networks and analysis of modules

The DEGs were imported into the Search Tool for the Retrieval of Interacting Genes (STRING; version 10.0; [string-db.org](string-db.org)) online database for PPI network construction ([@b14-mmr-17-06-7708]). Genes without connections to other genes were removed. Interactions with a combined score of \>0.9 were considered statistically significant. PPI networks were drawn using Cytoscape (version 3.5.1), an open source bioinformatics software platform for visualizing molecular interaction networks ([@b15-mmr-17-06-7708]). The size of nodes represents the degree of one gene. The degree of one gene means the number of its interactions with other genes. The higher the degree of one gene, the more important it is in the PPI network. Different colored nodes represent different groups. The top three modules in the PPI networks were identified using the Cytoscape plug-in app multicontrast delayed enhancement (MCODE) ([@b16-mmr-17-06-7708]). The criteria for selecting modules were as follows: MCODE score, \>5; degree cutoff, 10; node score cutoff, 0.2; and k-score, 2.

### Prediction of the candidate microRNAs (miRNAs/miRs), drugs and diseases associated with the identified DEGs

An analysis to identify the KEGG pathways, miRNAs, drugs and diseases associated with the hub genes in these modules was performed using the WEB-based Gene SeT AnaLysis Toolkit (Webgestalt; [www.webgestalt.org](www.webgestalt.org)). Webgestalt is an online tool used to analyze functional enrichment in gene sets and is an integrated system for data mining, including KEGG pathways, GO, miRNAs, drugs and diseases ([@b17-mmr-17-06-7708]). P\<0.05 was considered to indicate a statistically significant result.

### Cell culture, construction of cell model and validation of hub genes in vitro

To validate the results of the bioinformatics analysis, the expression of hub genes was assessed *in vitro*. The human hepatic cell line LO2 was derived from the primary culture of human normal liver cells via continuous culture *in vitro* and is capable of continuous passage. LO2 cell growth and death is very similar to that of normal liver cells. Compared with HepG2 cells, LO2 are more sensitive to lipid metabolism. The cell line is widely used to assess the molecular effects of genes or drugs on fatty liver cells *in vitro* ([@b18-mmr-17-06-7708],[@b19-mmr-17-06-7708]). LO2 cells were bought from Chongqing Bopei Biotechnology Co., Ltd. (Chongqing, China; [www.mengbio.com](www.mengbio.com)) and were preserved in the Chongqing Key Laboratory of Infectious Diseases and Parasitic Disease (Chongqing, China). Cells were cultured in Dulbecco\'s modified Eagle\'s medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin/streptomycin at 37°C in a 5% CO~2~ incubator until cells reached 90% confluence. Cells were subsequently seeded in a 6-well plate (5×10^4^ cells/ml) and incubated for 24 h prior to treatment with 200 µM oleic acid (OA; Sigma-Aldrich; Merck KGaA Darmstadt, Germany) in fatty acid-free 5% bovine serum albumin (BSA; Sigma-Aldrich; Merck KGaA; pre-warmed to 50°C) for 24 h to model steatotic cells. Control cells were treated with fatty acid free 5% BSA without OA. Cells were subsequently harvested for quantification.

### RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was isolated using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and further purified using an RNeasy Mini kit (Qiagen GmbH, Hilden, Germany), according to the manufacturer\'s protocol. The concentration and quality of RNA was verified by spectrophotometry (NanoDrop 2000; Thermo Fisher Scientific, Inc.). cDNA was synthesized using a PrimeScript™ RT Reagent kit (Takara Biotechnology Co., Ltd., Dalian, China) according to the manufacturer\'s protocol. qPCR was performed using a LightCycler system (Roche Diagnostics, Basel, Switzerland) in a volume of 10 µl with the SYBR Premix Ex Taq™ II kit (Takara Biotechnology Co., Ltd.). The gene-specific primers were purchased from Sangon Biotech Co., Ltd. (Shanghai, China) and the sequences were as follows: Type-1 angiotensin II receptor (AGTR1) forward, 5′-TAAGATTGCTTCAGCCAGCGTCAG-3′ and reverse, 5′-GAACAATAGCCAGGTATCGATCAATGC-3′; formin-binding protein 1-like (FNBP1L) forward, 5′-AGACCATGAATAACATTGACCGCCTAC-3′ and reverse, 5′-ACTGCTATGTCTTCTGTCTCCTCTCC-3′; RNA-binding protein with serine-rich domain 1 (RNPS1) forward, 5′-GCTGAAGCACATGGATGGAGGAC-3′ and reverse, 5′-GGCGGTGGTGGCAACATTCTC-3′; Ras-related C3 botulinum toxin substrate 1 (RAC1) forward, 5′-AGACAAGCCGATTGCCGATGTG-3′ and reverse, 5′-TGCCGCACCTCAGGATACCAC-3′; polyubiquitin-C (UBC) forward, 5′-TGGTGCTCCGTCTCAGAGGTG-3′ and reverse, 5′-TCTGCTGGTCAGGAGGAATGCC-3′; β-actin forward, 5′-GCAAGCAGGAACGATGAG-3′ and reverse, 5′-CCATGCCAATGTTGTCTCTT-3′. The thermocycling conditions were as follows: 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec and 58°C for 30 sec. Gene expression was analyzed using the comparative 2^−ΔΔCq^ method and normalized to the internal reference gene β-actin ([@b20-mmr-17-06-7708]). All experiments were performed in triplicate and data are presented as mean ± standard deviation.

### Statistical analysis

Statistical analysis was performed using SPSS software (version 19.0; IBM Corp., Armonk, NY, USA). For comparisons between two groups, Student\'s two tailed t-test was used. Data are presented as the mean ± standard deviation. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Identification of DEGs for diagnosis or treatment of NAFLD

By normalization and analysis of the microarray datasets, a number of DEGs were identified in GSE33814 and GSE89632 ([Table II](#tII-mmr-17-06-7708){ref-type="table"}). The DEGs from these groups were overlapped in a Venn diagram and 190 DEGs were subsequently identified in the SS vs. HC group ([Fig. 1A](#f1-mmr-17-06-7708){ref-type="fig"}); 1,106 genes were identified in the NASH vs. HC group ([Fig. 1B](#f1-mmr-17-06-7708){ref-type="fig"}); and 34 genes were identified in the NASH vs. SS group ([Fig. 1C](#f1-mmr-17-06-7708){ref-type="fig"}). Notably, by comparing DEGs in these groups, two DEGs were identified in all three groups: Immunoglobulin γ Fc region receptor II-a (FCGR2A) and La-related protein 1B (LARP1B). Thus, these genes may be considered as specific diagnostic markers for NAFLD ([Fig. 1D](#f1-mmr-17-06-7708){ref-type="fig"}). A total of 107 DEGs overlapped in the SS vs. HC and NASH vs. HC groups, which may be involved in the advanced phase of disease progression. A total of 25 DEGs were overlapped in the NASH vs. SS and NASH vs. HC groups, which may be associated with the severity of NAFLD. Additionally, a total of 81 unique DEGs were identified in the SS vs. HC group, which may be associated with the onset of NAFLD. Furthermore, 972 unique DEGs were identified only in the NASH vs. HC group, which may be downstream of the 107 DEGs identified in the SS vs. HC and NASH vs. HC groups. A total of seven unique DEGs were identified in the NASH vs. SS group, which may not serve important roles in the progression of NAFLD. No DEGs overlapped in the SS vs. HC and NASH vs. SS groups ([Fig. 1D](#f1-mmr-17-06-7708){ref-type="fig"}).

### Functional enrichment analysis and KEGG pathways of DEGs

To analyze the biological classification of the DEGs, functional and pathway enrichment analyses were performed using the functional enrichment analysis web tool DAVID. GO analysis revealed that genes in the SS vs. HC group were significantly enriched in cytosol (P=8.93×10^−3^), ion binding (P=3.85×10^−2^) and RNA binding (P=6.03×10^−3^) terms. The biological process (BP) analysis revealed that the DEGs were significantly enriched in the following processes: 'Cellular macromolecule biosynthetic process' (P=1.60×10^−2^), 'glycerophospholipid biosynthetic process' (P=3.60×10^−2^) and 'programmed cell death' (P=4.64×10^−2^; [Fig. 2A](#f2-mmr-17-06-7708){ref-type="fig"}).

DEGs in the NASH vs. HC group were significantly enriched in 'extracellular region' (P=1.05×10^−2^), 'carbohydrate derivative binding' (P=1.65×10^−3^) and 'enzyme binding' (P=5.69×10^−6^). BP analysis revealed that the DEGs were significantly enriched in the following processes: 'Regulation of signaling' (P=1.01×10^−7^), 'cellular response to chemical stimulus' (P=2.20×10^−9^) and 'response to organic substances' (P=5.34×10^−8^; [Fig. 2B](#f2-mmr-17-06-7708){ref-type="fig"}).

DEGs in the NASH vs. SS group were significantly enriched in 'extracellular region' (P=2.23×10^−4^) and 'exopeptidase activity' (P=2.33×10^−2^). BP analysis demonstrated that the DEGs were significantly enriched in processes associated with extracellular matrix organization (P=3.63×10^−5^), 'regulation of phosphate metabolic process' (P=9.55×10^−3^) and 'regulation of catalytic activity' (P=2.96×10^−2^). The above results indicated that during the early stages of NAFLD, alterations in biosynthetic processes were predominantly identified in hepatocytes. In the advanced stages of NAFLD, alterations in lipid metabolism and responses to stimuli may have crucial involvement in the progression of the disease ([Fig. 2C](#f2-mmr-17-06-7708){ref-type="fig"}).

The significantly enriched KEGG pathways were additionally identified at a significance level of P\<0.05 using DAVID. The results revealed that pathways in the SS vs. HC group were significantly enriched in metabolic pathways (P=4.17×10^−2^), cyclic guanosine monophosphate (cGMP)-protein kinase G (PKG) signaling pathway (P=4.48×10^−2^) and transcriptional misregulation in cancer (P=4.67×10^−2^; [Fig. 2A](#f2-mmr-17-06-7708){ref-type="fig"}). Pathways in the NASH vs. HC group were significantly enriched in the 5′ adenosine monophosphate-activated protein kinase (AMPK) signaling pathway (P=2.29×10^−4^), insulin resistance (P=3.79×10^−4^) and forkhead box protein O1 (FoxO) signaling pathway (P=4.70×10^−3^; [Fig. 2B](#f2-mmr-17-06-7708){ref-type="fig"}). Pathways in the NASH vs. SS group were significantly enriched in extracellular matrix (ECM)-receptor interaction (P=2.82×10^−2^; [Fig. 2C](#f2-mmr-17-06-7708){ref-type="fig"}). Consistent with the results of GO analysis, KEGG analysis revealed that DEGs in the early stage of NAFLD were predominantly enriched in the metabolism of numerous substances, whereas DEGs involved in the advanced stages were predominantly enriched in lipid metabolism and its subsequent effect on target organs.

### Construction of PPI networks

Following the removal of isolated genes, PPI networks were constructed using STRING and Cytoscape. The PPI network contained 493 nodes and 1,412 edges in the NASH vs. HC group ([Fig. 3A](#f3-mmr-17-06-7708){ref-type="fig"}); 37 nodes and 36 edges in the SS vs. HC group ([Fig. 3B](#f3-mmr-17-06-7708){ref-type="fig"}); and two nodes and one edge in the NASH vs. SS group ([Fig. 3C](#f3-mmr-17-06-7708){ref-type="fig"}).

Following this, the indexes of betweenness centrality and degree were used to analyze the topological properties of the SS vs. HC and the NASH vs. HC groups, respectively. The top 70% genes were selected by these two measures for subsequent analyses. A total of 34 unique genes in the SS vs. HC group and 424 genes in NASH vs. HC groups were obtained. The top three genes in the SS vs. HC group were RNPS1, vesicle-associated membrane 3 and AGTR1. The top three genes in the NASH vs. HC group were UBC, phosphatidylinositol 3-kinase regulatory subunit α and RAC1. In parallel, there were 16 genes that overlapped in the SS vs. HC and the NASH vs. HC groups. The top three of these 16 genes were RNPS1, AGTR1 and FNBP1L. A combined PPI network between the SS vs. HC and the NASH vs. HC groups was constructed and visualized ([Fig. 4A](#f4-mmr-17-06-7708){ref-type="fig"}). The dark green circles represent unique genes in the NASH vs. HC group. The yellow circles represent unique genes in the SS vs. HC group, and the red circles represent genes overlapping in the SS vs. HC and NASH vs. HC groups.

Furthermore, the top three modules of the combined PPI network were obtained using MCODE, a plug-in app for Cytoscape ([Fig. 4B-D](#f4-mmr-17-06-7708){ref-type="fig"}). KEGG pathway enrichment analysis was performed for the genes involved in the three modules using Webgestalt. The results revealed that 34 hub genes were involved in module one, and that they were significantly enriched in 'ubiquitin-mediated proteolysis' (P=1.86×10^−6^), 'endocytosis' (P=5.69×10^−6^) and 'Fc gamma receptor-mediated phagocytosis' (P=2.37×10^−3^). The gene with the highest degree in this module was UBC. A total of 19 hub genes were involved in module two, and they were significantly enriched in 'focal adhesion' (P=3.33×10^−16^), 'ECM-receptor interaction' (P=2.07×10^−10^) and 'phosphoinositide 3-kinase-protein kinase B signaling pathway' (P=9.49×10^−9^). The gene with the highest degree in module two was RAC1. Furthermore, 11 hub genes were involved in module three, and they were significantly enriched in 'ribosome' (P=2.08×10^−10^), 'mRNA surveillance pathway' (P=2.22×10^−4^) and 'RNA transport' (P=2.24×10^−2^). The gene with the highest degree in module three was RNPS1.

Furthermore, correlation analysis between the hub genes and diseases was performed with Webgestalt. The results revealed that the DEGs in module one were associated with hyperlipidemia (P=3.68×10^−4^) and bronchiectasis (P=8.53×10^−3^). The candidate drugs for the DEGs in module one were predominantly involved in the structural stabilization of the cytoskeleton. Additionally, the candidate miRNA targets for the DEGs were obtained using Webgestalt. The identified associated miRNAs were miR-101, miR-527 and miR-520F ([Fig. 5A](#f5-mmr-17-06-7708){ref-type="fig"}). In module two, the DEGs were associated with colitis (P=5.31×10^−6^), neoplasm invasiveness (P=3.4×10^−5^) and fibrosis (P=1.65×10^−3^). The drugs in module two were predominantly associated with oxygen binding and lipopeptide binding. The identified related miRNAs were miR-29A, miR-29B, miR-29C, miR-1 and miR-206 ([Fig. 5B](#f5-mmr-17-06-7708){ref-type="fig"}). In module three, the DEGs were associated with disease progression (P=1.78×10^−3^), anemia (P=8.53×10^−3^) and stomach neoplasms (P=8.65×10^−3^). The drugs in module three were predominantly associated with protein serine/threonine phosphatase activity. The identified related miRNAs were miR-218, miR-422B and miR-422A ([Fig. 5C](#f5-mmr-17-06-7708){ref-type="fig"}).

### Validation of hub genes by RT-qPCR

To confirm the reliability of the identified hub genes, LO2 cells were treated with OA to induce lipid accumulation. RT-qPCR analysis was conducted to verify the expression levels of the identified genes. The results revealed that the majority of hub genes were differentially expressed in OA-treated cells ([Fig. 6](#f6-mmr-17-06-7708){ref-type="fig"}). RAC1, RNPS1 and UBC were significantly upregulated in OA-induced steatotic cells, compared with the control cells (P\<0.05). AGTR1 was significantly downregulated in OA-induced steatotic cells, compared with the control cells (P\<0.05). FNBP1L appeared to be upregulated in OA-induced steatotic cells, although the statistical difference was not significant (P=0.0807). Overall, the expression profiles of the hub genes were reasonably consistent between the bioinformatics analysis and RT-qPCR experiment.

Discussion
==========

To reduce error and bias, two mRNA microarray datasets were obtained from the GEO database. A total of 190 DEGs were identified in the SS vs. HC group, 1,106 DEGs in the NASH vs. HC group and 34 DEGs in the NASH vs. SS group. Subsequently, a Venn diagram was utilized to identify the DEGs that may have a role specifically in NAFLD. FCGR2A and LARP1B were identified in all three groups (SS vs. HC, NASH vs. HC and NASH vs. SS). Thus, these genes may be considered to be specific diagnostic markers for NAFLD. It has been reported that certain genotypes of FCGR2A are associated with a more frequent occurrence of acute coronary syndromes, due to alterations in its interaction with C-reactive protein ([@b21-mmr-17-06-7708]). Additionally, studies have demonstrated that FCGR2A and tyrosine-protein kinase Jak2 are associated with ulcerative colitis in Japanese and Korean populations ([@b22-mmr-17-06-7708],[@b23-mmr-17-06-7708]). Furthermore, emerging data has indicated the co-existence of NAFLD and inflammatory bowel disease ([@b24-mmr-17-06-7708]). Thus, the aforementioned studies indicated that FCGR2A may be involved in organ damage in NAFLD. LARP1B is a paralogue of LARP1, which has not been widely studied in humans to the best of our knowledge.

GO and KEGG analyses were performed to examine the functional and biological interactions among the DEGs. GO and KEGG analysis revealed that the DEGs in the SS vs. HC group were significantly enriched in 'cellular macromolecule biosynthetic process', 'regulation of RNA metabolic process', 'metabolic pathways' and 'cGMP-PKG signaling pathway'. It has been demonstrated that in the early stages of NAFLD, the principal pathophysiological alterations in the liver include insulin resistance and simple steatosis ([@b25-mmr-17-06-7708]). Insulin resistance is closely associated with mitochondrial dysfunction, lipid peroxidation and energy imbalance, which eventually results in dysfunction and structural damage to cells and organs. Hepatic lipid metabolism disequilibrium initiated by insulin resistance, particularly in triglycerides, may result in lipid accumulation and steatosis, which triggers a series of cytotoxic events in the course of NAFLD ([@b25-mmr-17-06-7708]).

The results of the GO and KEGG analyses for the SS vs. HC group revealed that alterations predominantly occurred in 'biosynthetic process', 'insulin signaling pathway' and 'metabolism', which may contribute to hepatocyte steatosis. In the NASH vs. HC group, the DEGs were significantly enriched in 'cellular response to chemical stimulus', 'response to organic substance', 'AMPK signaling pathway', 'insulin resistance' and 'FoxO signaling pathway'. In the NASH vs. SS group, the DEGs were significantly enriched in 'ECM organization', 'regulation of phosphate metabolic process' and 'ECM-receptor interaction'. Experimental observations have demonstrated that in intermediate and advanced stages of NAFLD, the principal pathophysiological alterations in the liver include oxidative stress and cytokine release ([@b26-mmr-17-06-7708]). The anti-oxidative and anti-lipid peroxidation capacities of hepatocytes with steatosis are eradicated, which may result in inflammatory cell infiltration, inflammatory necrosis, hepatic fibrosis and even hepatocellular carcinoma (HCC) ([@b26-mmr-17-06-7708]).

The AMPK signaling pathway participates in metabolic processes associated with glycolipids and has recently been regarded as a key research target for metabolic diseases. In oxidative stress, the AMPK signaling pathway may regulate autophagy by inducing protein phosphorylation, thus affecting energy and nutrient metabolism ([@b27-mmr-17-06-7708]). One of the key transcription factors required for AMPK to be able to affect metabolism is FoxO1. A previous study reported that FoxO1 may regulate oxidative stress and insulin resistance by inducing the expression of gluconeogenic genes ([@b28-mmr-17-06-7708]). The GO and KEGG terms identified in the present study may aid in the understanding of the underlying mechanisms of NAFLD.

Following the use of multiple screening measures, the top three genes, AGTR1, RNPS1 and FNBP1L, were obtained from the combined PPI network. AGTR1 has been hypothesized to mediate the major cardiovascular effects of angiotensin II ([@b29-mmr-17-06-7708]). In diabetic nephropathy, angiotensin II may increase expression of AGTR1, leading to pronephrotic alterations ([@b30-mmr-17-06-7708]). Activated AGTR1 may subsequently reduce the level of plasma adiponectin, and increase the activity of caspase 3/7 and cannabinoid receptor type 1 signaling in the kidney, leading to podocyte injury and diabetic glomerulopathy ([@b30-mmr-17-06-7708],[@b31-mmr-17-06-7708]). Furthermore, polymorphisms in AGTR1 may influence the risk of liver fibrosis in NAFLD ([@b32-mmr-17-06-7708]). Taken together, these data indicate that AGTR1 may have an important role in the progression of NAFLD.

RNPS1, a general activator of pre-mRNA splicing, is involved in mRNA nuclear export and mRNA surveillance ([@b33-mmr-17-06-7708]). A previous study suggested that RNPS1 is associated with RNA processing and apoptosis, and is involved in programmed cell death ([@b34-mmr-17-06-7708]). FNBP1L is able to bind to cell division control protein 42 (CDC42) and is thought to be essential for the autophagy of intracellular pathogens ([@b35-mmr-17-06-7708]). The increased expression of FNBP1 L in breast cancer cells results in enhanced tumor metastasis and may be upregulated due to a loss of tumor suppressor p53 expression ([@b36-mmr-17-06-7708]). However, no correlations have been reported among FNBP1L, RNPS1 and NAFLD.

Additionally, the top three modules were additionally extracted from the combined PPI network. Nodes with a higher degree were displayed in bigger circles. It was revealed that in module one, UBC was the core factor, with a degree of 81. UBC is predominantly involved in protein degradation, the cell cycle and cell signaling pathway regulation ([@b37-mmr-17-06-7708],[@b38-mmr-17-06-7708]). A previous study reported that UBC exerts pathogenic effects in cardiac disease through regulation of the ubiquitin-proteasome system ([@b39-mmr-17-06-7708]). However, no definite association has been identified between UBC and NAFLD. In module two, the identified core factor was RAC1, with a degree of 48. RAC1, a member of the Ras superfamily of small guanosine triphosphate-binding proteins, appears to regulate a number of cellular events, including cell growth, cytoskeletal reorganization and protein kinase activation ([@b40-mmr-17-06-7708],[@b41-mmr-17-06-7708]). It has been reported that RAC1 and CDC42 are principal activators in the saturated fatty acid-stimulated mitogen-activated protein kinase 8 pathway and cell death-associated pathogenesis of NAFLD ([@b42-mmr-17-06-7708]). Thus, RAC1 may be the pathogenic contributor and progressive factor of NAFLD. In module three, the identified core factor was RNPS1 with a degree of 18, which has been discussed above.

The mRNA expression levels of hub genes in OA-treated LO2 cells were additionally determined. The results revealed that the expression of AGTR1, RAC1, RNPS1 and UBC was significantly altered in OA-treated LO2 cells (P\<0.05), which was consistent with the results of the bioinformatics analysis. The statistical difference in FNBP1L expression was not significant (P=0.0807), although its expression appeared to be upregulated in OA-treated cells. This may be due to several reasons. Firstly, gene chip screening for gene expression profiles is characterized by high throughput and a large scale, whereas PCR is suitable for studying alterations in the expression of a single gene. Furthermore, there may be differences between the preservation and detection of the samples in different research groups. Additionally, tissue samples are composed of numerous cell types and are therefore much more complex, whereas a cell line has a better homogeneity compared with a tissue sample. Finally, for a cell model, the different methods used to establish the cell model may affect the gene expression spectrum. Therefore, it is necessary to conduct *in vivo* experiments in the future to further verify the expression of the identified hub genes.

Due to a lack of NAFLD miRNA expression profile microarray datasets, the present study predicted the candidate miRNAs, drugs and diseases of NAFLD using Webgestalt. The key candidate disease in module one was hyperlipidemia, which was predominantly associated with ADRB2. The predicted candidate drugs were classified as antihypertensive drugs, which were additionally associated with ADRB2. ADRB2 has been reported to be involved in asthma and obesity ([@b43-mmr-17-06-7708],[@b44-mmr-17-06-7708]). ADRB2-knockout mice have attenuated phosphorylation of extracellular regulated protein kinase, which prevents diabetes mellitus-associated contractile dysfunction ([@b45-mmr-17-06-7708]), indicating that ADRB2 may be a potential therapeutic target for diabetes mellitus-associated diseases of the cardiovascular system. The identified candidate miRNA was miR-101, which is linked to frizzled-4, F-box/WD repeat containing protein 11 and ubiquitin-conjugating enzyme E2 A. Previous studies have reported that miR-101 is associated with various tumor types and may regulate chemotherapeutic sensitivity in acute lymphoblastic leukemia ([@b46-mmr-17-06-7708],[@b47-mmr-17-06-7708]). However, there have been no studies focusing on the association between miR-101 and NAFLD, to the best of our knowledge.

The identified candidate diseases in module two were cardiac dysfunction and neoplasm progression, which were predominantly associated with RAC1. The principal candidate drugs were anti-cancer drugs associated with proto-oncogene tyrosine-protein kinase Src (SRC). Studies have suggested that SRC is involved in the development and progression of certain cancer types ([@b48-mmr-17-06-7708],[@b49-mmr-17-06-7708]). The identified candidate miRNA was miR-29B, which is able to suppress the progression of tumors and prevent liver fibrosis, indicating that it may be an effective therapeutic target for NAFLD-associated fibrosis and HCC ([@b50-mmr-17-06-7708]--[@b52-mmr-17-06-7708]). Additionally, miR-29B was linked with CDC42 in module two, which in turn was associated with the aforementioned hub genes RAC1 and FNBP1L. The identified candidate diseases in module three were certain tumor types, which were predominantly associated with 39S ribosomal protein L13, mitochondrial, which functions in mitochondrial translation. The candidate drug was 2,6,8-trimethyl-3-amino-9-benzyl-9-methoxynonanoic acid. The identified candidate miRNA was miR-218, which is reported to inhibit tumor invasion ([@b53-mmr-17-06-7708]). The candidate drug and miRNA in module three are associated with protein phosphatase 2 regulatory subunit Bα, a subunit of protein phosphatase 2 that regulates protein kinase B signaling activity and is thought to regulate liver fibrosis in biliary atresia ([@b54-mmr-17-06-7708],[@b55-mmr-17-06-7708]). Taken together, the above results suggest that the identified drugs and miRNAs are candidate therapeutic or adjuvant targets in NAFLD.

In the present study, five hub genes and the associated functions and pathways of these genes were identified in NAFLD through integrated bioinformatics-based analysis and *in vitro* confirmation. However, there were certain limitations to the present analysis. There were certain discrepancies between the bioinformatics analysis results and the *in vivo* experimental model. Therefore, further verification of the expression of the identified hub genes, particularly FNBP1L, *in vivo* is required. Additionally, screening of the expression profile of miRNAs in NAFLD samples is necessary to obtain the mRNA-miRNA interaction networks. A higher number of subjects should also be recruited in future experiments in order to decrease deviation.
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![DEGs were identified in the mRNA expression profiles GSE33814 and GSE89632. The DEGs in different comparison groups were selected using a Venn diagram. DEGs were compared in the (A) SS vs. HC group, (B) NASH vs. HC group, (C) NASH vs. SS group and (D) between the three comparison groups. DEG, differentially expressed gene; SS, steatosis; HC, healthy control; NASH, non-alcoholic steatohepatitis.](MMR-17-06-7708-g00){#f1-mmr-17-06-7708}

![Summary of the top GO and KEGG results of DEGs. (A) Results of SS vs. HC group. (B) Results of NASH vs. HC group. (C) Results of NASH vs. SS group. The count represents the number of genes that enriched in one GO or KEGG term. The deep red bars represent GO in terms of DEGs. The light red bars represent KEGG in terms of DEGs. DEG, differentially expressed gene; SS, steatosis; HC, healthy control; NASH, non-alcoholic steatohepatitis; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, gene ontology; ECM, extracellular matrix; FoxoO, Forkhead box protein O1; cGMP-PKG; cyclic guanine monophosphate-dependent protein kinase, isozyme 1; AMPK, 5′-AMP-activated protein kinase.](MMR-17-06-7708-g01){#f2-mmr-17-06-7708}

![PPI network of identified DEGs constructed using Cytoscape software. (A) DEGs in the NASH vs. HC group. (B) DEGs in the SS vs. HC group. (C) DEGs in the NASH vs. SS group. The size and color depth of nodes represent the degree of one gene. The degree of one gene means the number of its interactions with other genes. The higher the degree of one gene, the more important it is in the PPI network. The edges represent the relationship between genes. DEG, differentially expressed gene; SS, steatosis; HC, healthy control; NASH, non-alcoholic steatohepatitis.](MMR-17-06-7708-g02){#f3-mmr-17-06-7708}

![PPI network of identified DEGs constructed using Cytoscape software. The top three modules were obtained using MCODE. (A) PPI network. DEGs in the NASH vs. HC group are marked in dark green. DEGs in the SS vs. HC group are marked in yellow. DEGs that overlapped in the SS vs. HC and the NASH vs. HC groups are marked in red. The size of the node indicates the node degree of the genes. (B) Module (B) one, (C) two and (D) three of the PPI network. The top three modules were extracted from the network. PPI, protein-protein interaction; DEG, differentially expressed genes; HC, healthy control; SS, steatosis; NASH, non-alcoholic steatohepatitis; MCODE, multicontrast delayed enhancement.](MMR-17-06-7708-g03){#f4-mmr-17-06-7708}

![Hub genes in the top three modules. The associated miRNAs, drugs and diseases were identified by correlation analysis with Webgestalt. (A) Module one, (B) module two and (C) module three. miRNAs are marked with a purple diamond. Drugs are marked with a gray triangle. Diseases are marked with a blue hexagon. miRNA, microRNA.](MMR-17-06-7708-g04){#f5-mmr-17-06-7708}

![Analysis of hub genes with reverse transcription-quantitative polymerase chain reaction. The mRNA expression of AGTR1, FNBP1 L, RNPS1, RAC1 and UBC was analyzed in OA-treated cells and the control group. \*P\<0.05. AGTR1, type-1 angiotensin II receptor; FNBP1L, formin-binding protein 1-like; RNPS1, RNA-binding protein with serine-rich domain 1; RAC1, Ras-related C3 botulinum toxin substrate 1; UBC, polyubiquitin-C; OA, oleic acid.](MMR-17-06-7708-g05){#f6-mmr-17-06-7708}

###### 

Details of the non-alcoholic fatty liver disease datasets retrieved from the GEO database.

  Author, year     GEO dataset   Platform                                                  No. of samples   No. of cases             Organism         (Refs.)
  ---------------- ------------- --------------------------------------------------------- ---------------- ------------------------ ---------------- ------------------------
  Starmann, 2012   GSE33814      Illumina HumanWG-6 v3.0 expression beadchip               44               HC, 13 SS, 19 NASH, 12   *Homo sapiens*   ([@b2-mmr-17-06-7708])
  Arendt, 2015     GSE89632      Illumina HumanHT-12 WG-DASL V4.0 R2 expression beadchip   63               HC, 24 SS, 20 NASH, 19   *Homo sapiens*   ([@b4-mmr-17-06-7708])

GEO, Gene Expression Omnibus; HC, healthy control; SS, steatosis; NASH, non-alcoholic steatohepatitis.

###### 

DEGs in microarray datasets GSE33814 and GSE89632.

  Comparison group   Microarray dataset   No. of DEGs   No. of overlapped genes
  ------------------ -------------------- ------------- -------------------------
  SS vs. HC          GSE33814             766           190
                     GSE89632             5,381         
  NASH vs. HC        GSE33814             3,656         1,106
                     GSE89632             5,607         
  NASH vs. SS        GSE33814             1,328         34
                     GSE89632             147           

DEG, differentially expressed gene; HC, healthy control; SS, steatosis; NASH, non-alcoholic steatohepatitis.
